Molecular and microbiological analysis of a laboratory bioreactor biomass oxidizing thiocyanate at autotrophic conditions and at 1 M NaCl showed a domination of a single chemolithoautotrophic sulfur-oxidizing bacterium (SOB) capable of using thiocyanate as an energy source. The bacterium was isolated in pure cultures and identified as a member of the Halothiobacillus halophilus/hydrothermalis clade. This clade includes moderately halophilic chemolithoautotrophic SOB from marine and hypersaline habitats for which the ability to utilize thiocyanate as an electron donor has not been previously demonstrated. Halothiobacillus sp. strain SCN-R1 grew with thiocyanate as the sole energy and nitrogen source oxidizing it to sulfate and ammonium via the cyanate pathway. The pH range for thiocyanate oxidation was within a neutral region between 7 and 8 and the range of salinity was from 0.2 to 1.5 M NaCl, with an optimum at 0.5 M. Despite the close phylogenetic relatedness, none of the tested type strains and other isolates from the H. halophilus/hydrothermalis group exhibited thiocyanate-oxidizing capacity.
Introduction
Thiocyanate (NC-S À ) is a unique inorganic sulfur compound produced naturally in the biological cyanide detoxification processes and as a waste product from cokes and precious metal factories (Wood, 1975; Kelly & Baker, 1990; Hung & Pavlostathis, 1997 , 1999 Staib & Lant, 2007) . It is a chemically stable compound and only a few bacterial species belonging to chemolithoautotrophic sulfur-oxidizing bacteria (SOB) are capable of utilizing thiocyanate as an energy source. Thiocyanate degradation needs the primary action of specific enzyme(s) to release the reduced sulfane atom for further oxidation. Accordingly, two possible pathways of microbial degradation of thiocyanate are proposed with either carbonyl sulfide (COS) or cyanate (CNO À ) as intermediate products (Kelly & Baker, 1990) :
Carbonyl sulfide pathway
Cyanate pathway
In the carbonyl sulfide pathway, the nitrile bond of thiocyanate is hydrolyzed with the formation of COS and ammonia by the enzyme thiocyanate hydrolase found in the chemochemolithoautotrophic betaproteobacterial SOB Thiobacillus thioparus (Katayama et al., 1998) , the halophilic chemochemolithoautotrophic gammaproteobacterium Thiohalophilus thiocyanatoxydans (Bezsudnova et al., 2007; Sorokin et al., 2007) and a novel alphaproteobacterium strain THI201 (Hussain et al., 2013) . Carbonyl sulfide is further hydrolyzed to hydrogen sulfide, which serves as the actual electron donor. Microbial carbonyl sulfide hydrolysis can be carried out either by a b-carbonic anhydrase homologue of CS 2 hydrolase in a thermoacidiphilic archaeon Acidianus sp. (Smeulders et al., 2011) or a specialized COS hydrolase from the b-carbonic anhydrase family in the betaproteobacterial SOB T. thioparus . Realistic evidences on the existence of an alternative cyanate pathway of primary thiocyanate degradation has, so far, only been obtained during investigation of thiocyanate metabolism in (halo)alkaliphilic SOB, such as Thioalkalivibrio thiocyanoxidans, Thioalkalivibrio paradoxus and Thiohalobacter thiocyanaticus, isolated from soda and salt lakes (Sorokin et al., 2001 (Sorokin et al., , 2002 (Sorokin et al., , 2010 . The identity of the key enzyme in this pathway is still under investigation, but it is already clear that the mechanism is different from anaerobic hydrolysis of the C-S bond as proposed previously (Grant & Sorokin, 2011) .
The chemochemolithoautotrophic SOB belonging to Halothiobacillus halophilus/hydrothermalis group are dominant culturable forms of aerobic moderately halophilic SOB in hypersaline habitats (Wood & Kelly, 1991; Durand et al., 1993; Kelly & Wood, 2000) . Despite this fact, our enrichments from hypersaline lakes with thiocyanate as the sole substrate at moderate salinity never resulted in domination of Halothiobacillus (Sorokin, 2008) . In contrast, microbiological analysis of a lab-scale bioreactor community degrading thiocyanate at 1 M NaCl demonstrated that the main organism responsible for thiocyanate oxidation was a representative of the H. halophilus/hydrothermalis cluster. Its isolation and properties are described below.
Materials and methods

Isolation source
A 2-L bioreactor working as a chemostat was originally inoculated with a haloalkaliphilic sulfide-oxidizing biomass from the Thiopaq bioreactor in Eerbeek (The Netherlands) with some addition from a salt lake sediment and sludge from an aerobic communal waste water treatment plant (Heerenveen). It was operated at 35°C, pH 7.9-8.1 and 1 M NaCl with a mixed feed of 20 mM thiosulfate and 5 mM thiocyanate at a dilution rate 0.05 h À1 . Addition of thiosulfate as a co-substrate increased the thiocyanate removal activity. At the time of biomass sampling the culture supernatant contained a high concentration of inorganic N (37 mM NH þ 4 and 7 mM CNO À ) which indicated (1) the use of cyanate pathway in thiocyanate degradation and (2) a significant imbalance between the catabolism and biomass growth.
Enrichment, isolation and cultivation of pure cultures of halophilic SOB Thiocyanate-oxidizing halophilic SOB were grown from the reactor biomass in a liquid mineral medium containing 1 M NaCl, 50 mM potassium phosphate buffer (pH 8), 1 mM MgCl 2 , and 1 mL L À1 of trace metals solution (Pfennig & Lippert, 1966) and supplemented with 10-20 mM potassium thiocyanate as a single energy and N-source. The isolation strategy consisted of serial dilution to extinction of the reactor biomass, followed by plating of the maximal positive dilution on solid medium with the same composition made by 1 : 1 mixing of double-strength liquid media and 3% (w/v) washed agar (three successive washes in 50 volumes of distilled water with stirring during 5 h) at 30°C. It needs to be specifically stressed that the agar-washing step is important in this particular type of isolation because many heterotrophic bacteria can form colonies on mineral agar media due to a presence of small amount of organic contaminants in the agar. Dominating colony types were placed into liquid medium. If the isolates grew in the liquid mineral medium containing thiocyanate as the only energy source, the plating was repeated several times until a single colony type was selected, which would grow with thiocyanate as a the sole energy and nitrogen source.
Metabolic profiles of the reactor biomass and pure cultures
The metabolic activity of the reactor biomass and the isolates was investigated by two different ways, either by direct measurements of substrate conversion or by measuring substrate-dependent respiration rates with dO 2 electrode, as described previously (Sorokin et al., 2001 (Sorokin et al., , 2010 . The pH dependence was examined at 0.5-1.0 M total Na + , using the following buffers: for pH 5-8, 0.1 M HEPES/NaCl titrated by 1 M NaHCO 3 for pH 8-10, a mixture of sodium bicarbonate/sodium carbonate/NaCl. Influence of NaCl was checked in HEPES buffer at pH 7. All buffers contained 10 mM K + and 1 mM Mg 2+ .
Analytical procedures
Thiocyanate, cyanate, ammonium and cell protein were analyzed spectrophotometrically as described previously (Sorokin et al., 2001) . The cyanase activity was measured in sonacated cell-free extract in 0.1 M NaHCO 3 (pH 8) with 5 mM cyanate as substrate. The activity was estimated from the amount of ammonia released in 0.5-2 h incubation time.
Molecular and phylogenetic analyses
Genomic DNA was extracted from the cell pellet using the UltraClean Soil DNA Extraction Kit (MoBio Laboratories), following the manufacturer's instructions. For the pure cultures, the nearly complete 16S rRNA gene was obtained using general bacterial primers GM3f (5 0 -AGAG TTTGATCCTGGCTCAG-3 0 ) and GM4r (5 0 -TACGGT-TACCTTGTTACGACTT-3 0 ). For the DGGE analysis, partial amplification with a primer pair 341F + GC/907R was used (Sch€ afer & Muyzer, 2001) . DGGE was performed using a denaturing gradient of 20-70% denaturants in 8% polyacrylamide gel. Individual bands were excised, re-amplified, and run again on a denaturing gradient gel to check their purity. PCR products for sequencing were purified using the Qiaquick PCR purification kit (QIAGEN, the Netherlands). The sequences were first compared with sequences stored in GenBank using the BLAST algorithm. Subsequently, the sequences were imported into the ARB software program, automatically aligned, and added to a phylogenetic tree using the Quick-add tool. Sub-trees were then built using the neighbour-joining algorithm with automatic selected correction settings.
The 16S rRNA gene sequences of strain SCN-R1 and of the dominant DGGE band were deposited in the GenBank with the accession numbers KC662326 and KC759700, respectively.
Chemicals
Potassium thiocyanate, sodium thiosulfate and sodium sulfide (analytical grade) were obtained from SigmaAldrich.
Results and discussion
Catalytic properties of the bioreactor biomass Cells taken directly from the bioreactor degraded thiocyanate only in the presence of thiosulfate. Cyanate was found as a product of thiocyanate degradation (Fig. 1) . Concomitant with thiocyanate degradation in the presence of thiosulfate, biomass growth and thiosulfate oxidation was observed. Extensive washing of the cells in a N-free buffer clearly unblocked the thiosulfate-independent thiocyanate oxidation capacity of the cells (Fig. S1) . The fact that the bioreactor cells, when placed into an N-free buffer, continued to excrete ammonium during several days, and that external ammonium or cyanate additions did not influence the ability of cells to metabolize thiocyanate, indicated that the thiocyanate biodegradation resulted in unbalanced cell-associated accumulation of inorganic N inhibiting further thiocyanate degradation. Addition of a nitrogen-free energy co-substrate (thiosulfate) seemed to facilitate inorganic N consumption with increasing biomass growth and lifting the inhibitory effect. The same result was achieved by extensive washing of the cells.
The NaCl range for thiocyanate-oxidizing activity of the reactor biomass was between 0.2 and 1.2 M, while thiosulfate oxidation continued up to 3 M.
DGGE analysis of reactor biomass
Molecular analysis of the reactor biomass showed a low genetic diversity with a dominant band affiliated to members of chemolithoautotrophic SOB from the H. halophilus/hydrothermalis clade (Fig. 2) . The other detected organisms, such as the two different bacteroidetes and a Nitratireductor, apparently belong to heterotrophic part of the reactor population probably utilizing the organic Thiosulfate added (mM)
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Degraded SCN-NH3 CNO- Fig. 1 compounds produced by the dominant chemolithioautotrophic SOB.
Isolation and characterization of the dominant halophilic thiocyanate oxidizer
Serial dilution of washed cells from the reactor in a mineral medium containing 1 M NaCl and 10 mM thiocyanate as a single energy and N source resulted in growth up to a dilution of 10
À8
. Plating on the same medium from the maximal positive dilution yielded three different types of colonies. Only one of them designated as strain SCN-R1 (the strain is deposited in the NCCB collection in Utrecht under the number 100459), produced stable growth back on liquid mineral medium with thiocyanate, while the other two only grew when thiocyanate was used as the N-source, in combination with either thiosulfate (identified as a member of the Thiomicrospira pelophila clade) or acetate (identified as a member of the genus Halomonas).
Strain SCN-R1, while growing with thiocyanate or thiosulfate as electron donor, had rod-shaped, non-motile cells assembled in chains (Fig. S2) . According to the phylogenetic analysis, the isolate belonged to the H. halophilus/hydrothermalis group (Fig. 3) and its 16S rRNA gene sequence was 100% identical to the sequence of the dominant DGGE band from the reactor biomass (see Fig. 2 ). This indicated that the isolate SCN-R1 was the dominant chemochemolithoautotrophic thiocyanate-oxidizing SOB in the bioreactor. On the other hand, neither the type strains of H. halophilus and H. hydrothermalis nor our halophilic SOB isolates from hypersaline lakes belonging to the same group (Halothiobacillus sp. strains HL1, HL2, HL6, HL7, HL20 and HL27; Sorokin, 2008) were able to utilize thiocyanate as the enrgy source.
Similar to the reactor biomass, growth and concomitant thiocyanate utilization by strain SCN-R1 was not straightforward. After an initial increase of biomass, the growth and thiocyanate consumption stopped and resumed only after the cells were collected and thoroughly washed with an N-free buffer. On the other hand, the addition of thiosulfate only slightly relieved the inhibition in case of the pure culture grown on thiocyanate (Fig. 4) . Cyanate was the main nitrogen product of thiocyanate degradation detected in the medium, and the complete oxidation of 20 mM thiocyanate resulted in the release of 2.5 mM NH 3 and 9.0 mM cyanate into the culture supernatant. Hence, similar to the source bioreactor biomass, Halothiobacilluis sp. SCN-R1 apparently uses the cyanate pathway for thiocyanate degradation.
The results of substrate-dependent respiration tests with cells grown either with thiocyanate or with thiosulfate as an energy source showed that the thiocyanatedegrading system in strain SCN-R1 was inducible [VO 2 = 170 nmol (mg protein min) À1 ], and was absent in the cells grown with thiosulfate, similar to other thiocyanate-oxidizing (halo)alkaliphilic SOB described previously (Sorokin et al., 2001 (Sorokin et al., , 2010 . However, in contrast to alkaliphilic SOB, cyanase activity, albeit low [35 nmol (mg protein min)
À1
] was present only in thiocyanate-growing cells of strain SCN-R1.
A salt response of strain SCN-R1 showed moderate tolerance with an optimum at 0.5 M NaCl and the cells being still active up to 2 M NaCl with thiocyanate and up to 3 M NaCl with sulfide (Fig. 5a ). The thiocyanate oxidation had a relatively narrow pH profile in comparison with the sulfide-oxidizing activity, with a sharp decrease below pH 7 and above pH 8 (Fig. 5b) .
Summarizing the results, we were able to demonstrate that the dominant organism responsible for thiocyanate oxidation in a lab-scale bioreactor operating at 1 M NaCl is a representative of the chemochemolithoautotrophic halophilic SOB of the genus Halothiobacillus. This organism was isolated in pure culture and proven to be capable of chemolithoautotrophic growth with thiocyanate as energy and nitrogen source degrading it via the cyanate pathway. Such potential has never been reported before for members of the genus Halothiobacillus. The microbial oxidation of thiocyanate at high salt concentration might be useful for treatment of saline thiocyanate-containing wastewater generated by, for example, gold cyanidation plants (Stott et al., 2001) . However, since the catabolism of thiocyanate by autotrophic SOB generates much more inorganic N than needed for biomass synthesis, a N-free co-substrate or an N-utilizing partner would be necessary for the complete bioremoval of thiocyanate. 
Supporting Information
Additional Supporting Information may be found in the online version of this article: Fig. S1 . Influence of bioreactor cell washing on the activity of SCN-degradation in presence and absence of thiosulfate at pH 8 and 0.6 M NaCl. Fig. S2 . Cell morphology (phase-contrast microscopy) of the reactor biomass (a) and of the pure culture of thiocyanate-oxidizing Halothiobacillus strain SCN-R1 growing either on thiocyanate (b) or thiosulfate (c).
